Abstract Magnetotactic bacteria orient and migrate along geomagnetic ®eld lines. This ability is based on intracellular magnetic structures, the magnetosomes, which comprise nanometer-sized, membrane-bound crystals of the magnetic iron minerals magnetite (Fe 3 O 4 ) or greigite (Fe 3 S 4 ). Magnetosome formation is achieved by a mineralization process with biological control over the accumulation of iron and the deposition of the mineral particle with speci®c size and orientation within a membrane vesicle at speci®c locations in the cell. This review focuses on the current knowledge about magnetotactic bacteria and will outline aspects of the physiology and molecular biology of the biomineralization process. Potential biotechnological applications of magnetotactic bacteria and their magnetosomes as well as perspectives for further research are discussed.
Introduction
The formation of biological hard materials, i.e., bone, shell and spicule, involves the deposition of speci®c inorganic minerals on or in an organic matrix in a highly controlled manner (Lowenstam 1981) . Much current research is directed towards understanding these biomineralization processes, which are collectively known as biologically controlled mineralization, because of their relevance to the synthesis of advanced materials with tailored properties (Mann 1993; Moskowitz 1995) .
One of the most intriguing examples of biologically controlled mineralization is the formation of magnetic nano-crystals in magnetosomes within magnetotactic bacteria. The formation of magnetosomes in these organisms is a well-documented example of the apparently widespread occurrence of magnetic minerals in the living world. Biomineralization of ferromagnetic materials, mainly magnetite, has been reported for an extremely diverse range of organisms including algae (Torres de Araujo et al. 1986 ), insects (Maher 1998) , molluscs (Lowenstam 1981) , ®sh (Mann et al. 1988) , birds (Wiltschko and Wiltschko 1995) and even humans (Kirschvink et al. 1992) . The discovery of magnetotactic bacteria by R. Blakemore (1975) stimulated interdisciplinary research interest among scientists, including microbiologists, physicists, geologists, chemists, and engineers. Commercial uses of bacterial magnetosome particles have been suggested, including the manufacture of magnetic tapes and printing inks, magnetic targeting of pharmaceuticals, cell separation and their application as contrast-enhancement agents in magnetic resonance imaging (Blakemore 1983; Mann et al. 1990; Matsunaga 1991; Schwartz and Blakemore 1984) .
Ecology and phylogeny of magnetotactic bacteria
Magnetotactic bacteria represent a heterogeneous group of procaryotes with a variety of morphological types including cocci, rods, vibrios, spirilla and apparently multicellular forms Spring and Schleifer 1995) . They are constituents of natural microbial communities in sediments and chemically strati®ed water columns and a broad diversity of morphological forms has been found in many marine and freshwater habitats. The highest numbers of magnetotactic bacteria are generally found at the oxic/anoxic transition zone or redoxocline, which is located in many freshwater habitats at the sediment/water interface or just below (Bazylinski 1995; Stolz 1993) . Accordingly, nearly all of the cultivated bacteria exhibit a strong preference for low oxygen concentrations and behave as typical microaerophiles. In some environments, magnetotactic bacteria have been shown to be the dominant species of the bacterial population (Spring et al. 1993) , implying a signi®cant ecological role for these organisms.
Examinations of natural communities by molecular phylogenetic techniques have revealed a considerable phylogenetic diversity of natural populations of magnetotactic bacteria. The vast majority of magnetotactic bacteria, including cocci and rods, as well as all cultivable vibrios and spirilla, are members of the a-Proteobacteria. A morphologically distinct, large magnetic rod was assigned to the Nitrospira phylum, whereas à`m ulticellular magnetic procaryote'' and a magnetic sulfate-reducing bacterium were found to belong to the d subclass of Proteobacteria (DeLong et al. 1993; Spring and Schleifer 1995) .
Isolation and axenic cultivation
Their directed migration in magnetic ®elds can easily be used to enrich magnetotactic bacteria and collect them from natural samples in signi®cant numbers. However, despite their ubiquitous occurrence and high abundance, cultivation of magnetotactic bacteria in the laboratory has proven dicult to achieve and only a small minority of the broad spectrum of naturally occurring magnetotactic bacteria have been isolated in pure culture. Diculties in isolating and cultivating of magnetotactic bacteria arise from their lifestyle, which is adapted to sediments and chemically strati®ed aquatic habitats. As typical gradient organisms, magnetotactic bacteria appear to depend on a complex pattern of vertical chemical and redox gradients, which are dicult to mimic under laboratory conditions. Examples of isolates that can be grown under laboratory conditions include several strains of Magnetospirillum ( Fig. 1 ; Blakemore et al. 1979; Burgess et al. 1993; Schleifer et al. 1991; SchuÈ ler and KoÈ hler 1992) . Two strains of a marine magnetic vibrio were isolated that can be grown either anaerobically or microaerobically (Bazylinski et al. 1988; Meldrum et al. 1993a ). The only cultivable magnetic coccus was grown microaerobically in gradient cultures (Meldrum et al. 1993b ). Sakaguchi et al. (1993) were the ®rst to isolate an obligate anaerobic, sulfate-reducing magnetotactic bacterium.
Magnetotaxis
A widely accepted hypothesis about the function of magnetotaxis is that, because all known magnetotactic bacteria are either microaerophilic or anaerobic, they seek to avoid high oxygen levels and their navigation along the geomagnetic ®eld lines facilitates migration to their favored position in the oxygen gradient . The preferred motility direction found in natural populations of magnetotactic bacteria is northward in the geomagnetic ®eld in the northern hemisphere, whereas it is southward in the southern hemisphere. Because of the inclination of the geomagnetic ®eld, migration in these preferred directions would cause cells in both hemispheres to swim downward. Recent ®ndings indicate that this process is complex and involves interactions with an aerotactic sensory mechanism (Frankel et al. 1997 ). Besides magnetotaxis, other possible functions of intracellular iron deposition have been discussed, including iron homeostasis, energy conservation, or redox cycling Guerin and Blakemore 1992; Spring et al. 1993) . This might explain the large numbers of magnetic crystals in some bacteria. 
Magnetosomes
The inorganic phase: magnetic minerals Magnetosomes are found in all magnetotactic bacteria and consist of magnetic iron mineral particles enclosed within membrane vesicles. In most cases the magnetosomes are organized in a chain or chains, which are apparently ®xed within the cell. In many magnetotactic bacterial strains the iron mineral particles consist of magnetite, Fe 3 O 4 , and are characterized by narrow size distributions and uniform, species-speci®c crystal habits (Fig. 2) . The crystal habits all consist of various combinations of the isometric forms {111}, {110} and {100}. The particles are oriented with a [1 1 1] crystal axis along the chain direction. The particle sizes are typically 35± 120 nm, which is within the permanent, single-magneticdomain-size range for magnetite (Moskowitz 1995) .
In several magnetotactic bacteria from marine, sul®-dic environments, the magnetosome particles consist of the iron-sul®de mineral greigite, Fe 3 S 4 , which is isostructural with magnetite and is also ferrimagnetically ordered. Greigite magnetosomes are also characterized by narrow size distributions and species-speci®c crystal habits, but are oriented with a [1 0 0] crystal axis along the chain direction. Non-magnetic mackinawite, FeS, has been found in cells with greigite magnetosomes and is thought to be a precursor to greigite mineralization .
It should be noted that metabolic activities of dissimilatory iron-reducing bacteria (Lovley et al. 1987 ) and sulfate-reducing bacteria can result in the formation of extracellular magnetite and greigite respectively, by processes known as biologically induced mineralization. However, unlike the mineral particles in the magnetotactic bacteria, biologically induced mineralization is not controlled by the organism and is characterized by log/ normal size distributions and non-unique crystal habits .
When magnetosomes are arranged in a single chain, as in Magnetospirillum species, magnetostatic interactions between the single-magnetic domain particles cause the particle magnetic moments to orient spontaneously parallel to each other along the chain direction (Frankel and Blakemore 1980) . This results in a permanent magnetic dipole associated with the chain with a natural remanent magnetization approaching the saturation magnetization (Dunin-Borkowski et al. 1998 ) and suciently large to be oriented along the geomagnetic ®eld at ambient temperature. Since the chain of particles is ®xed within the cell, the entire cell will be oriented in the ®eld. This passive orientation results in the migration of the cell along the magnetic ®eld lines as it swims. Thus the bacteria have elegantly solved the problem of how to construct a magnetic dipole that will be oriented in the geomagnetic ®eld yet ®t inside a micrometer-sized cell. The solution is based on the ability of the bacteria to control the mineral type of the iron, the size and orientation of the particles, and their placement in the cell.
The organic phase: the magnetosome membrane
In all magnetite-producing magnetotactic bacteria examined to date, the magnetosome mineral phase appears to be enveloped by a membrane ( Fig. 3 ; Gorby et al. 1988; Matsunga 1991; SchuÈ ler and Baeuerlein 1997b) . Although the magnetosome membrane does not appear to be contiguous with the cell membrane in electronmicroscopic images, it can be speculated that some sort of connection or association with the cytoplasmic membrane exists. This would help explain the biosynthetic origin of the magnetosome compartment. A membranous``superstructure'' may also account for the integrity of complex intracellular arrangements of magnetosome particles found in some magnetotactic bacteria. Empty and partially ®lled vesicles have been observed in iron-starved cells of M. magnetotacticum and M. gryphiswaldense (Gorby et al. 1988 ; SchuÈ ler and Baeuerlein 1997b), so it seems likely that the magnetosome membrane pre-exists as an``empty'' vesicle prior to the biomineralization of the mineral phase.
In strains of Magnetospirillum, the magnetosome membrane was found to consist of a bilayer containing phospholipids and proteins, at least several of which appear unique to this membrane (Gorby et al. 1988; SchuÈ ler and Baeuerlein 1997b) . Although the protein patterns of the magnetosome membrane are distinguishable between dierent strains of Magnetospirillum, at least one major protein with a molecular weight of about 22±24 kDa appears to be common to all strains tested so far, as revealed by sequence analysis and antibody cross-reactivity (Okuda et al. 1996; SchuÈ ler et al. 1997) .
Compartmentalization through the formation of the magnetosome vesicle enables the processes of mineral formation to be regulated by biochemical pathways. The membrane may act as a potential gate for compositional, pH and redox dierentiation between the vesicle and the cellular environment. Although the exact role of the magnetosome-speci®c proteins has not been elucidated, it has been speculated that these have speci®c functions in the accumulation of iron, nucleation of minerals and redox and pH control (Gorby et al. 1988; Mann et al. 1990 ).
Physiology and biochemistry of bacterial magnetite biomineralization
The ®rst step in magnetite synthesis in magnetotactic bacteria is the uptake of iron. Because of the large amounts of iron required for magnetite synthesis, magnetotactic bacteria can be expected to use very ecient uptake systems. The assimilation of iron must be strictly controlled because of the potentially harmful eects of excess intracellular iron (Guerinot 1994) . Several studies, all involving magnetic spirilla, have focused on iron uptake. Paoletti and Blakemore (1986) reported the production of a hydroxamate-type siderophore if cells of M. magnetotacticum were grown under conditions of high iron. However, these results have not been replicated in other studies and no conclusive evidence for the involvement of siderophores in the formation of magnetite has been found so far. Nakamura et al. (1993b) hypothesized that ferric iron was taken up in Magnetospirillum AMB-1 by a periplasmic binding-proteindependent iron-transport system. In M. gryphiswaldense, it was found that the major portion of the iron is taken up as Fe(III) in an energy-dependent process (SchuÈ ler and Baeuerlein 1996) . The observed high rates of ferric iron uptake may re¯ect the extraordinary requirement for iron in these organisms. Both the amount of magnetite formed and the rate of ferric iron uptake were close to saturation at extracellular iron concentrations of 15±20 lM Fe, indicating that this bacterium is able to accumulate copious amounts of iron from relatively low environmental concentrations.
The biomineralization of magnetic crystals does not occur constitutively, but largely depends on the growth conditions. Besides the availability of micromolar amounts of iron, microaerobic conditions are required for magnetite formation in Magnetospirillum species (Blakemore et al. 1985; SchuÈ ler and Baeuerlein 1998) . Cells of M. gryphiswaldense are non-magnetic during aerobic growth, but start to produce Fe 3 O 4 immediately after the establishment of microaerobic conditions corresponding to an oxygen concentration of about 1%± 3% saturation (Fig. 4) . The accumulation of iron during growth is apparently tightly coupled to the induction of magnetite biomineralization. While the intracellular iron content in non-magnetic cells is relatively low, magnetic cells can contain more then 2% iron on a dry-weight base (SchuÈ ler and Baeuerlein 1998).
In an eort to elucidate the relationship between respiratory electron transport in nitrate and oxygen utilization and magnetite synthesis, cytochromes in M. magnetotacticum have been examined. Tamegai et al. (1993) reported a novel``cytochrome-a 1 -like'' hemoprotein that was in greater amounts in magnetic cells than in nonmagnetic cells. A new ccb-type cytochrome c oxidase (Tamegai and Fukumori 1994 ) and a cytochrome cd 1 -type nitrite reductase (Yamazaki et al. 1995) were isolated and puri®ed from M. magnetotacticum. The latter protein is of particular interest since it showed Fe(II):nitrite oxidoreductase activity. It has also been observed that the formation of magnetite was enhanced if cells of M. magnetotacticum were growing by dissimilatory nitrate reduction (Blakemore et al. 1985) . On the basis of these observations, it was proposed by Fukumori et al. (1997) that the dissimilatory nitrite reductase of M. magnetotacticum could function as an Fe(II) oxidizing enzyme for magnetite synthesis under anaerobic conditions. Frankel et al. (1983) examined the nature and distribution of major iron compounds in M. magnetotacticum by using Fe-57 MoÈ ûbauer spectroscopy. They proposed a model in which Fe(III) is taken up by the cell and reduced to Fe(II) as it enters the cell. It is then thought to be reoxidized to form a low-density hydrous Fe(III) oxide, which is then dehydrated to form a highdensity Fe(III) oxide (ferrihydrite), which can be directly observed in cells. In the last step, one-third of the Fe(III) ions in ferrihydrite are reduced and, with further dehydration, magnetite is produced. It is thought that the 
Molecular biology of magnetotactic bacteria
Attempts to address the molecular biology of magnetosome formation have been hampered by several problems including the lack of a signi®cant number of magnetotactic bacterial strains, the fastidiousness of the organisms in culture, the elaborate techniques required for the growth of these organisms and the inability of almost all these strains to grow on the surface of agar plates used to screen for mutants. Therefore, our knowledge of the genetic determination of magnetosome formation is still fragmentary.
Initial studies addressing molecular genetics in magnetotactic bacteria were made with M. magnetotacticum strain MS-1. It was shown that at least some of the genes of this organism can be functionally expressed in Escherichia coli and that the transcriptional and translational elements of the two microorganisms are compatible. Berson et al. (1989) were able to clone and functionally express the recA gene from M. magnetotacticum in E. coli. They then cloned a 2-kb DNA fragment from M. magnetotacticum that complemented iron-uptake de®ciencies in E. coli and Salmonella typhimurium mutants lacking a functional aroD gene (biosynthetic dehydroquinase). This suggests that the 2-kb DNA fragment may have a function in iron uptake in M. magnetotacticum (Berson et al. 1991) . Matsunaga et al. (1992) attempted to establish a genetic system in Magnetospirillum strain AMB-1. Cells of this species were reported to form magnetic colonies on the surface of agar plates when grown under an incubation atmosphere containing 2% oxygen. This feature facilitated the selection of non-magnetic mutants of Magnetospirillum strain AMB-1 by Tn5 mutagenesis by conjugal transfer. It was concluded that at least three regions of the chromosome are required for the synthesis of magnetosomes. One of these regions was found to contain a gene, designated magA, that encodes a protein that is homologous to cation eux proteins, in particular the E. coli potassium-ion-translocating protein KefC (Nakamura et al. 1995a ). Membrane vesicles prepared from E. coli cells expressing magA took up iron when ATP was supplied, indicating that energy was required for the uptake of iron. The expression of magA was enhanced when wild-type Magnetospirillum AMB-1 cells were grown under iron-limited conditions rather than iron-sucient conditions in which they would produce more magnetosomes (Nakamura et al. 1995b ). Thus, the role of the magA gene in magnetosome synthesis is unclear. Okuda et al. (1996) took a``reverse genetics'' approach to the magnetosome problem. They used the N-terminal amino acid sequence from a 22-kDa protein speci®cally associated with the magnetosome membrane to clone and sequence its gene. On the basis of the amino acid sequence, the protein exhibits signi®cant homology with a number of functionally diverse proteins belonging to the tetratricopeptide repeat family. However, the role of the protein in magnetosome synthesis has not yet been elucidated.
Mass cultivation and isolation of magnetosomes
Only a limited number of magnetotactic bacteria have been isolated in pure culture so far. Most of the isolates are poorly characterized in terms of growth conditions and physiology. Therefore, several Magnetospirillum strains have been used for the isolation of magnetosomes that can be grown microaerobically on simple media containing short organic acids as a carbon source and ferric chelates as a source of iron (Blakemore et al. 1979; SchuÈ ler and Baeuerlein 1996; Matsunaga et al. 1990 ). The cells have a strictly oxygen-dependent respiratory type of metabolism, but do not tolerate higher oxygen concentrations. As growth and magnetosome formation depend on microaerobic conditions, the control of a low oxygen concentration in the growth medium (1%±3%) O 2 is of critical importance (Blakemore et al. 1985 ; SchuÈ ler and Baeuerlein 1998).
M. magnetotacticum was the ®rst magnetotactic bacterium available in pure culture and was used in the initial studies. One of the reasons for oxygen sensitivity in this organism may be the lack of the oxygen-protective enzyme catalase. Addition of catalase to the growth medium resulted in increased oxygen tolerance (Blakemore et al. 1979) . M. gryphiswaldense and Magnetospirillum AMB-1 are more oxygen-tolerant and easier to grow on a large scale. If grown from large inocula, cultures are tolerant to atmospheric air, which obviates the need for elaborate microaerobic techniques. The maximum cell yields reported so far are 0.33 g/l (dry weight) for M. gryphiswaldense grown in a 100-l fermenter (SchuÈ ler and Baeuerlein 1997a) and 0.34 g/l for Magnetospirillum AMB-1 grown at a 4-l scale (Matsunaga et al. 1997) .
Techniques for the isolation and puri®cation of magnetosome particles from Magnetospirillum species are based on magnetic separation (Gorby et al. 1988; Okuda et al. 1996) or a combination of a sucrose-gradient centrifugation and a magnetic separation technique (SchuÈ ler and Baeuerlein 1997b). These procedures leave the surrounding membrane intact and magnetosome preparations are apparently free of contaminating material. Owing to the presence of the enveloping membrane, isolated magnetosome particles form stable, well-dispersed suspensions (Fig. 5) . After solubilization of the membrane by a detergent, the remaining inorganic crystals tend to agglomerate as a result of magnetic attractive forces. Typically, 2.6 mg bacterial magnetite can be derived from a 1000-ml culture of Magnetospirillum AMB-1 (Matsunaga et al. 1997) , while a similar yield was reported for M. gryphiswaldense (SchuÈ ler and Baeuerlein 1997a).
Biotechnological applications
The formation of magnetic particles within biological membranes is of great interest in terms of forming small synthetic particles under closely controlled synthesis conditions. Small magnetic particles can be formed synthetically by following various routes. However, particles formed this way are non-uniform, often not fully crystalline, compositionally nonhomogeneous, and in an agglomerated state, which imposes problems in processing (Sarikaya 1994) . Therefore, their synthesis by a biological process promises advantages in terms of controlling growth and morphological properties. Moreover, biomineralization provides a way to produce highly uniform magnetite crystals without the drastic regimes of temperature, pH and pressure that are often needed for their industrial production ). Soon after the discovery of magnetotactic bacteria, their biotechnological potential was realized and numerous commercial uses of the small magnetic crystals have been contemplated. Examples for the use of magnetic microorganisms generally fall into two categories, which involve either whole, living cells and their magnetotactic behavior or utilize isolated magnetosome particles.
Applications of magnetic cells
Applications based on the ®rst category include the use of magnetotactic bacteria for the nondestructive domain analysis of soft magnetic materials. When motile magnetotactic cocci were applied to the sample surface, the bacteria oriented, migrated and accumulated in the stray ®elds originating from the magnetic domains, allowing visualization of the domain structure (Harasko et al. 1993 (Harasko et al. , 1995 . Using a similar technique, Funaki et al. (1992) employed magnetotactic bacteria to locate magnetic poles on meteoritic magnetic grains. Bahaj et al. (1994 Bahaj et al. ( , 1998 considered the use of magnetotactic bacteria for the removal of heavy metals and radionuclides from wastewater. High-gradient magnetic separation as well as a low-magnetic ®eld system based on their directed motility have been used to remove metal-loaded bacteria from water. A``microbial magnetometer'' was devised for the prediction of oxygen depletion in bottom sediments and overlying water, which is based on the magnetotactic and microaerophilic behavior of natural populations of magnetotactic bacteria, tracking their position and magnetic strength by a magnetic sensor (Rhoads 1995) . All the examples described above rely on living, actively swimming and partially non-cultivable magnetotactic bacteria. Because of the fastidiousness and limited availability of these bacteria, practical applications remain in question.
Applications of isolated magnetosome particles
The small size of isolated magnetosome particles provides a large surface-to-volume ratio, which makes them useful as carriers for the immobilization of relatively large quantities of bioactive substances, which can then separated by magnetic ®elds. In initial studies, bacterial magnetosomes from non-cultivable magnetotactic bacteria were used for immobilizing the enzymes glucose oxidase and uricase as components of medically important biosensors. The glucose oxidase bound to biogenic magnetite particles had 40-fold higher activity than the same enzyme bound to arti®cial magnetite and Zinc ferrite particles in this study (Matsunaga and Kamyia 1987) .
Magnetosomes have been also used for the generation of magnetic antibodies. Following treatment with glutaraldehyde, bacterial magnetite particles were coupled to antibodies to form conjugates. In one example, magnetic antibodies could be used for the quanti®cation of IgG. The procedure involved immobilizing¯uores-cein-isothiocyanate-conjugated anti-(mouse IgG) antibodies on bacterial magnetosome particles (Nakamura et al. 1991) . The presence of the magnetosome membrane resulted in dispersion and handling properties superior to those of synthetic magnetic particle conjugates (Matsunga 1991). Other reported examples for the application of antibodies immobilized on bacterial magnetosomes include the detection and removal of E. coli cells from bacterial suspensions (Nakamura et al. 1993a ) as well as the highly sensitive detection of allergens .
Matsunga and coworkers incorporated bacterial magnetite particles into eucaryotic cells, which could be manipulated by a magnetic ®eld. Magnetosomes were introduced into red blood cells by fusion with bacterial spheroplasts mediated by polyethylene glycol. Whole magnetotactic bacteria have also been introduced into leukocytes by phagocytosis (Matsunaga et al. 1989) .
Bacterial magnetite particles were also used as carriers for the introduction of DNA into cells. In a method described by Takeyama et al. (1995) , bacterial magnetite particles coated with plasmid DNA were used for the ballistic transformation of the marine cyanobacterium Synechocystis using a particle gun. In another experiment, DNA oligonucleotides were immobilized on bacterial magnetite particles and used for the detection of mRNA (Sode et al. 1993) .
Another application of bacterial magnetosomes may lie in their potential use as a contrast agent for magnetic resonance imaging and tumor-speci®c drug carriers based on intratumoral enrichment (Bulte and Brooks 1997) . Synthetic liposomes containing superparamagnetic iron oxide particles have already been used in biomedical applications of this type (PaÈ user et al. 1997) . Again, because of their unique magnetic and crystalline properties and the natural presence of a surrounding membrane, magnetosomes might be superior in some applications. It has also been demonstrated that applying the principle of con®ned biomineralization within the cavity of apoferritin resulted in the innovative material magnetoferritin, which was more eective as a magnetic-resonance contrast agent than chemosynthetic particles (Bulte et al. 1994 ).
Perspectives
Although the biotechnological potential of bacterial magnetite has been demonstrated, to date no application has been exploited on a commercial scale. This is partially because of the problems related to mass cultivation of magnetotactic bacteria, which is still too expensive for most practical purposes. However, the use of bacterial magnetosomes could be competitive in some specialized applications, where perfect crystalline properties and relatively small amounts are required, as in some biomedical applications, for example. Another reason for the limited practicability of many ideas is the lack of a fundamental understanding of the biochemical and genetic principles behind the process of bacterial magnetite biomineralization. More research in this ®eld is clearly required. The most critical issue is the mechanism by which the organic matrix controls the nucleation and growth of the particles. Further investigation of the structure and composition of the magnetosome membrane and its protein organization is therefore essential for understanding ion transport through the membrane and the early stages of crystal formation.
Increased eorts should be directed to the genetic and molecular biological analysis of magnetosome formation. The application of genetic engineering techniques might possibly result in magnetosome particles with improved properties and a more dependable production process. For example, it has been suggested that magnetosome-speci®c proteins might be used for the construction of gene fusions to couple bioactive substances directly in order to display them on the surface of the magnetosome particles (Nakamura et al. 1995b ). Genetic engineering might also be used for control of the chemical composition. The modi®cation of the transport system responsible for the accumulation of iron into the magnetosome vesicle might result in an altered speci®city for metal uptake, potentially yielding crystals with novel magnetic and crystalline properties. Once the genes for the biomineralization pathway are identi®ed, they might be expressed in a readily cultivable host organism, thereby potentially eliminating the diculties associated with the cultivation of magnetotactic bacteria. Functional expression of single genes from Magnetospirillum in E. coli has already been demonstrated (Berson et al. 1989 (Berson et al. , 1991 , but the heterologous expression of genes related to bacterial biomineralization could be limited by the lack of an intracellular compartment. Alternatively, bacterial hosts with an existing intracytoplasmatic membrane system, such as phototrophic bacteria, might be more appropriate for expression and intracellular targeting of the biomineralization machinery.
Finally, in the light of the dramatic diversity of naturally occurring magnetotactic bacteria with variable crystal morphologies, increased eort should be given to the isolation and study of other magnetotactic species with potentially unique features of the biomineralization process. Understanding how dierent bacteria achieve species-speci®c control over the biomineralization process could be used in tailoring dierent crystal morphologies with the desired properties.
